ABSTRACT
INTRODUCTION
The use of oligonucleotides as potential therapeutic agents has gained widespread attention in the last decade (1) . Limitations on the use of DNA or RNA oligonucleotides include their toxicity, expulsion from cells, sensitivity to nucleases and insufficient specificity for target nucleic acids in vivo. In an effort to overcome these limitations a wide variety of modifications to the bases, sugar ring and/or backbone of oligonucleotides have been examined (1, 2) . One promising group of oligonucleotides is the 2′-O-alkyl oligoribonucleotides. These oligonucleotides have been shown to be nuclease resistant (3) (4) (5) (6) (7) (8) and exhibit high affinities for RNA targets (3, 4, (8) (9) (10) . Many studies have been published regarding the potential in vivo therapeutic application of 2′-O-alkyl oligoribonucleotides (4, (11) (12) (13) (14) (15) (16) (17) , but the potential use of these oligomers as diagnostic probes has not been extensively investigated.
In this study we examined the use of oligoribonucleotides containing 2′-O-methyl groups as nucleic acid probes. The 2′-O-methyl group is a naturally occurring modification found in RNA that enhances affinity for RNA targets due to the preference of 2′-O-methyl-modified ribose sugars to adopt a C 3 ′-endo conformation (18 and references therein). Here we carefully characterized oligonucleotide probes containing 2′-O-methylnucleotides and 2′-deoxynucleotides with respect to a number of physical properties that are important for their use as diagnostic probes. Our measurements revealed that the faster hybridization kinetics, increased T m , ability to bind structured targets and enhanced binding specificity of 2′-O-methyl oligoribonucleotide probes render them superior to corresponding 2′-deoxy oligoribonucleotide probes in diagnostic assays that detect RNA molecules. Similar improvements in probe performance are expected for other modifications that also enhance the ability of the sugar ring to adopt a C 3 ′-endo conformation.
MATERIALS AND METHODS

Oligonucleotide synthesis and purification
Oligonucleotides were synthesized using standard phosphoramidite chemistry and purified using standard polyacrylamide gel electrophoresis. 2′-O-methylphosphoramidites (A, G, C and U) were purchased from Glen Research (Sterling, VA).
Labeling and purification of acridinium ester-labeled probes
An amine-terminated linker arm was incorporated at a predetermined position in each oligomer during synthesis using an abasic linker arm chemistry (19) . The oligomers were then labeled with acridinium ester as previously described (20) and purified by reversed phase HPLC (Vydac C4 column; Western Analytical Products, Hisperia, CA) with a binary solvent system consisting of 0.1 M triethylammonium acetate, pH 7.0, and *To whom correspondence should be addressed. Tel: +1 619 410 8832; Fax: +1 619 410 8871; Email: mickb@gen-probe.com acetonitrile. The acetonitrile was increased from 5 to 25% (v/v) over 40 min at a flow rate of 1.0 ml/min and the desired fractions collected and precipitated with ethanol.
C o t analysis
An acridinium ester-labeled probe (0.25 fmol) was hybridized to 0.25-300 fmol target sequence in 60 µl hybridization buffer (0.1 M lithium succinate, pH 5.1, 8.5% w/v lithium lauryl sulfate, 125 mM LiOH, 1.5 mM EDTA and 1.5 mM EGTA) at 60_C for 45 min. Following hybridization, acridinium ester associated with unhybridized probe was destroyed in situ by adding 150 µl hydrolysis buffer (0.19 M Na 2 B 4 O 7 , pH 7.6, and 5% v/v Triton X-100) and heating at 60_C for 10 min. Chemiluminescence of the solution was measured during a 2 s interval in a Leader I luminometer with automatic injection of 0.1% (v/v) H 2 O 2 and 1 mM HNO 3 followed by 1 N NaOH. A plot of log percent maximum chemiluminescence versus log C o t, where C o is the initial concentration of the target in nucleotides per liter and t is the hybridization time in seconds, was used to calculate the second order rate constant, k o , where percent maximum chemiluminescence = 100
Melting analysis
Equimolar concentrations of oligonucleotide probes and targets (1.6 µM) were dissolved in 60 µl hybridization buffer (see above) and annealed at 70_C for 30 min, followed by slow cooling to room temperature for 3 h. The samples were then diluted into 320 µl of the same buffer and absorbance versus temperature profiles measured at 260 nm over the range 20-100_C at 0.5_C/min with a Beckman DU-640 melting apparatus. For the melting data in Figure 4 and Table 1 , a 26 base target was used for probes 26 and 19 bases long, a 16 base target was used for probes 16 and 15 bases long and a 14 base target was used for probes 14 bases or under.
Hybridization to structured RNA
An acridinium ester-labeled probe (50 fmol) was hybridized to 5 fmol Escherichia coli rRNA in the presence or absence of 1 pmol helper probes (21) in 15 µl hybridization buffer at 60_C for 1 h. Following hybridization, acridinium ester associated with unhybridized probe was destroyed in situ by adding 150 µl hydrolysis buffer and heating at 60_C for 10 min. The 17 base probe was 5′-GCTCGTTG(AE)CGGGACTTA-3′, while the 26 base probe was 5′-GCTCGTTGCGGGACTT(AE)AACCCAA-CAT-3′, where AE denotes the site where acridinium ester was inserted.
RESULTS
Melting behavior
Previous studies showed that 2′-O-methyl-modified oligoribonucleotide probes exhibit higher affinity for RNA targets than corresponding 2′-deoxy oligoribonucleotide probes (3, 4, (8) (9) (10) , resulting in higher melting temperatures. In order to systematically compare the melting behavior of 2′-O-methyl and 2′-deoxy oligoribonucleotides, probes of varying length were derived from a 'parental' 26 base sequence so as to constrain the GC content of each probe to ∼50% (Fig. 1A , oligonucleotide series 1). The probes were synthesized to contain either all 2′-O-methyl-or all 2′-deoxynucleotides and the T m of each probe bound to a complementary DNA, RNA or 2′-O-methyl target was determined by UV spectroscopy (Fig. 1B) .
Although the T m of an oligonucleotide will depend upon its sequence, the series of probes used in this study was designed to have very similar base compositions, thereby minimizing sequence effects on T m . Furthermore, a probe series derived from an entirely different parental sequence (Fig. 1A , oligonucleotide series 2) yielded nearly identical melting behavior (Fig. 1B) . Thus, the results in Figure 1 largely reflect the effect of length rather than sequence on T m . Several features of these data are noteworthy. First, the T m of all probes increased with length up to 19 nt, at which point T m reached a plateau. Thus, when binding to a single-stranded target no significant increase in thermal stability was gained by increasing the length of the probes beyond 19 nt in length. Second, hybrid stability followed the order: when bound to RNA very short 2′-O-methyl oligoribonucleotide probes (e.g. 12 bases) exhibited the same T m as much longer (e.g. 25 bases) 2′-deoxy oligoribonucleotide probes.
Hybridization kinetics
In order to characterize the hybridization kinetics of 2′-O-methyl oligoribonucleotide probes, a model system based on the 26 base probe shown in Figure 2A was designed. A series of probes, each labeled with a chemiluminescent acridinium ester (22) , was synthesized with an increasing number of contiguous 2′-O-methyl modifications. Each probe was then hybridized to a complementary RNA or DNA target and hybridization kinetics measured by a chemiluminescent method described in Materials and Methods. Figure 2B shows a typical analysis.
As shown in Figure 2C , as few as eight contiguous 2′-O-methylnucleotides were sufficient to enhance hybridization rates >2-fold to a single-stranded RNA target. Similar enhancements (2-to 4-fold) were seen for probes of different sequence (results not shown). Even greater rate enhancements were observed for highly structured RNA targets (results not shown and results below).
In contrast to the results observed with an RNA target, increasing the numbers of contiguous 2′-O-methylnucleotides within the probe slowed hybridization to a DNA target. A fully substituted 2′-O-methyl oligoribonucleotide probe hybridized 4-fold slower to a DNA target than the corresponding 2′-deoxy oligoribonucleotide probe (Fig. 2D) . A similar decrease in hybridization rate (7-fold) was seen for a second probe of different sequence (results not shown).
The ability of 2′-O-methylnucleotides to alter the hybridization rate of a probe to an RNA or DNA target could be related to the ability of 2′-O-methylnucleotides to alter the melting properties of the hybridized duplexes. However, as shown in Figure 2C and D, the ability of 2′-O-methylnucleotides to alter hybridization rates did not correlate with their ability to alter the T m of the hybridized duplex.
Hybridization to structured RNA
A novel property of 2′-O-methyl oligoribonucleotide probes is their ability to efficiently bind to double-stranded regions of RNA molecules (23; unpublished results). To characterize this reaction in more detail, probes 17 and 26 bases long consisting entirely of 2′-O-methylnucleotides or 2′-deoxynucleotides were labeled with a chemiluminescent acridinium ester label and hybridized to a double-stranded region of rRNA in the absence or presence of helper probes (Fig. 3A) . Large concentrations of helper probes assist hybridization of probes to structured RNA molecules by hybridizing to double-stranded regions and displacing sequences complementary to the probe (21) . Following hybridization, acridinium ester associated with unhybridized probe was destroyed in situ by alkaline hydrolysis and the chemiluminescent signal from hybridized AE probe measured (20) . As summarized in Figure 3B , the short 17 base 2′-deoxy and 2′-O-methyl oligoribonucleotide probes hybridized to rRNA very differently from one another. In the absence of helper probes the 2′-deoxy oligoribonucleotide probe did not hybridize, whereas the 2′-O-methyl oligoribonucleotide probe did. Addition of helper probes resulted in weak hybridization of the 2′-deoxy oligoribonucleotide probe but strong hybridization of the 2′-O-methyl oligoribonucleotide probe. Similar results were also observed when a 17 base 2′-deoxy or a 17 base 2′-O-methyl oligoribonucleotide probe of different sequence was hybridized to a different double-stranded region of rRNA (results not shown). Since adjacent helper probes allowed binding of the 2′-deoxy oligoribonucleotide probe, the inability of the 2′-deoxy oligoribonucleotide probe to bind in the absence of helper probes was due to its inability to efficiently open and bind to double-stranded rRNA.
In contrast to the 17 base probes, the longer 26 base 2′-deoxy and 2′-O-methyl oligoribonucleotide probes efficiently hybridized to rRNA in the absence of helper probes. Helper probes enhanced hybridization of both probes only 2-to 2.5-fold. We conclude that short 2′-deoxy oligoribonucleotide probes lack sufficient affinity for RNA to open and bind double-stranded regions. In contrast, the higher affinity of long 2′-deoxy or short and long 2′-O-methyl oligoribonucleotide probes for RNA allows them to efficiently bind to double-stranded regions.
Although these and previous experiments (23) demonstrated that 2′-O-methyl oligoribonucleotide probes can efficiently bind to double-stranded regions of RNA, they did not address the mechanism of this reaction. To investigate the mechanism we compared hybridization of a 2′-O-methyl oligoribonucleotide probe labeled with acridinium ester to two nearly identical RNA targets (Fig. 3C) , one which was fully double-stranded (T m = 89_C) and a second which was nearly fully double-stranded but contained a protruding single-stranded tail three bases long (T m = 87_C). Following hybridization the chemiluminescent signal from hybridized AE probe was measured as before. To establish the chemiluminescent signal corresponding to 100% hybridization the probe was hybridized to a complementary single-stranded RNA target and the chemiluminescent signal from the hybridized probe measured.
Since the T m values of the two RNA duplexes were nearly identical to one another, significant differences in the binding of the 2′-O-methyl oligoribonucleotide probe to these doublestranded molecules cannot be attributed to differences in the thermal stabilities of the RNA duplexes. Furthermore, because the two 2′-O-methyl/RNA hybrids which can form in this experiment are identical to one another, differences in binding of the 2′-O-methyl oligoribonucleotide probe to these molecules cannot be attributed to differences in the thermodynamic stabilities of the resultant 2′-O-methyl/RNA hybrids. As shown in Figure 3D , the 2′-O-methyl oligoribonucleotide probe bound the RNA duplex containing the short single-stranded tail 20-fold better than it bound the RNA duplex lacking the tail. We conclude that binding of a 2′-O-methyl oligoribonucleotide probe to double-stranded RNA is greatly accelerated by the presence of single-stranded bases adjacent to the double-stranded RNA duplex, which presumably facilitate a strand invasion mechanism.
Specificity
When bound to RNA targets, short 2′-O-methyl oligoribonucleotide probes exhibited T m values equivalent to longer 2′-deoxy oligoribonucleotide probes (Fig. 1) . Since mismatches will lower the T m of a short duplex more than a longer duplex, a short 2′-O-methyl oligoribonucleotide probe should discriminate between matched and mismatched RNA targets better than a longer 2′-deoxy oligoribonucleotide probe of equivalent T m . To examine this hypothesis, a series of 2′-O-methyl and 2′-deoxy oligoribonucleotide probes of varying lengths were hybridized to RNA targets containing 0, 1 or 2 mismatches (Fig. 4 ) and the T m values of the resulting duplexes (Table 1) determined by UV spectroscopy. As anticipated, mismatches in shorter duplexes lowered the T m more than in longer duplexes, yielding larger ∆T m values between matched and mismatched duplexes for both 2′-O-methyl and 2′-deoxy oligoribonucleotide probes. However, for probes of similar T m , the ∆T m values between matched and mismatched duplexes were much greater for 2′-O-methyl than 2′-deoxy oligoribonucleotide probes. In fact, 2′-O-methyl oligoribonucleotide probes of significantly higher T m than 2′-deoxy oligoribonucleotide probes still yielded larger ∆T m values. Surprisingly, even for probes of equivalent length the 2′-O-methyl oligoribonucleotide probes yielded consistently higher ∆T m values.
DISCUSSION
The results presented here demonstrate that, regardless of length, 2′-O-methyl oligoribonucleotide probes exhibit much higher T m values when bound to RNA targets than do 2′-deoxy oligoribonucleotide probes of the same length. This statement is true for all probe lengths examined (8-26 bases) and the difference in T m was most dramatic when probe lengths were 16 bases or less. For example, the T m of a 12 bp 2′-O-methyl/RNA hybrid was 76.6_C, while the T m of the corresponding 2′-deoxy/RNA hybrid was much lower (33.9_C) (Fig. 1B) . T m values eventually reached a plateau for both 2′-O-methyl oligoribonucleotide and 2′-deoxy oligoribonucleotide probes, after which point there was no further increase in T m afforded by increasing probe length. Therefore, short 2′-O-methyl oligoribonucleotide probes, which have equivalent or higher stability when bound to RNA targets than much longer 2′-deoxy oligoribonucleotide probes, yielded the largest advantage over 2′-deoxy oligoribonucleotide probes.
In contrast to the increased T m observed with RNA targets, 2′-O-methyl oligoribonucleotide probes exhibited the same T m values with DNA targets as the corresponding 2′-deoxy oligoribonucleotide probes. As a result, the length of a 2′-O-methyl oligoribonucleotide probe can be adjusted such that it binds tightly to an RNA target but not to a corresponding DNA target.
In addition to enhanced T m values when bound to RNA targets, our measurements revealed that 2′-O-methyl oligoribonucleotide probes hybridized 2-to 4-fold faster to RNA than 2′-deoxy oligoribonucleotide probes. Enhanced hybridization rates did not correlate with the effect of 2′-O-methyl nucleotides on the T m of the resultant duplex. Even greater rate enhancements were exhibited by 2′-O-methyl oligoribonucleotide probes when the target sequence contained double-stranded base pairs. Surprisingly, as few as eight contiguous 2′-O-methylnucleotides were sufficient to maximally enhance hybridization rates to an RNA target. Since 2′-O-methylnucleotides greatly enhanced the T m values of oligoribonucleotide probes bound to RNA (Table 1 ), yet yielded only modest increases in hybridization rates, the dissociation of 2′-O-methyl nucleotides from RNA must be very slow (see also 23) .
In contrast to RNA targets, 2′-O-methyl oligoribonucleotide probes hybridized to DNA targets 4-to 7-fold more slowly than 2′-deoxy oligoribonucleotide probes. The decrease in hybridization rate did not correlate with the effect of 2′-O-methyl nucleotides on the T m of the resultant hybrid.
In addition to binding tighter and faster to RNA, our measurements revealed that 2′-O-methyl oligoribonucleotide probes bound double-stranded regions of structured RNA molecules more efficiently than 2′-deoxy oligoribonucleotide probes. Binding of a 2′-O-methyl oligoribonucleotide probe to a double-stranded RNA target required that the probe/target duplex be more stable than the double-stranded region (results not shown) and was greatly accelerated by the presence of a singlestranded region flanking the double-stranded region of the target.
Because of their greatly enhanced T m when bound to RNA, one can utilize 2′-O-methyl oligoribonucleotide probes in diagnostic assays that are considerably shorter than 2′-deoxy oligoribonucleotide probes. An important property of short 2′-O-methyl oligoribonucleotide probes is that they discriminate between matched and mismatched RNA targets much better than longer 2′-deoxy oligoribonucleotide probes. For example, although a 12 base 2′-O-methyl and a 19 base 2′-deoxy oligoribonucleotide probe had the same T m for a matched RNA target, the 2′-O-methyl oligoribonucleotide probe exhibited a much larger decrease in T m when bound to a RNA target containing either one or two mismatches than did the 2′-deoxy oligoribonucleotide probe.
In summary, 2′-O-methyl oligoribonucleotide probes afford multiple advantages over 2′-deoxy oligoribonucleotide probes for detecting RNA targets, including greatly increased T m , which allows use of shorter probes, faster kinetics of hybridization, ability to bind to structured targets under conditions where 2′-deoxy oligoribonucleotide probes will not and significantly improved specificity. These advantages render 2′-O-methyl oligoribonucleotide probes superior to 2′-deoxy oligoribonucleotide probes for use in assays that detect RNA targets.
